Macrophages play a key role in the orchestration and execution of the innate and adaptive arms of the immune response to bacterial infection. During the infective process, circulating blood monocytes migrate from the vasculature into the extravascular compartment under the influence of many different endogenous and exogenous factors. In the tissues they differentiate to macrophages (2) . Upon differentiation, the cell loses its ability to replicate and its antibacterial properties are markedly enhanced, allowing it to participate in the inflammatory and immune responses. The differentiation process is a complex one and is controlled by the expression or activation of several transcription factors (30) . However, the events during terminal differentiation of the macrophage leading to its enhanced antibacterial activities are poorly understood.
Activated macrophages elicit many of their effects via the secretion of soluble inflammatory mediators. Lipopolysaccharide (LPS) derived from gram-negative bacteria is considered to be the most potent activator of the macrophage secretory response. Tumor necrosis factor alpha (TNF-␣) is one of the earliest major proinflammatory mediators secreted by macrophages when stimulated with LPS in vivo and in vitro (17, 18) . TNF-␣ has been implicated in the pathogenesis of several inflammatory diseases, such as septic shock (19) , rheumatoid arthritis (15, 16) , multiple sclerosis (21) , and periodontal disease (25) , and its production has been suggested as a possible target for therapy in these diseases.
The intracellular events that mediate LPS-induced TNF-␣ secretion have been the subjects of intense research. TNF-␣ is not secreted from intracellular stores but is synthesized de novo in response to an effective stimulus. The stimulus is thought to act via several nuclear factors, and nuclear factor B (NF-B) was found to have an important role in the regulation of TNF-␣ gene transcription (9, 10, 22, 27, 28) . NF-B, a heterodimer of p65 and p50 proteins and the rel family, is an inducible eukaryotic transcription factor which exists in the cytoplasm of most cells (12) . Several stimulants, including bacterial LPS, induce the phosphorylation of IB and the subsequent release and activation of NF-B. The activated NF-B translocates from the cytoplasm to the nucleus, where it binds to specific binding sites in the TNF-␣ promoter region and activates TNF-␣ gene transcription (5, 28) .
Here we report a novel role for NF-B in the terminal differentiation of monocytes to macrophages, that of enhancing the ability of the differentiated macrophage to respond to LPS stimulation. Using a phorbol myristate acetate (PMA)-induced cell differentiation model of the human monocytic cell line THP-1 (29), we studied the relationship between THP-1 cell maturation and NF-B levels before and after LPS stimulation. TNF-␣ production was chosen as the outcome variable for studying the effect of the differentiation process on the functional activity of the macrophage and for correlating it to the levels and compartmentalization of NF-B.
MATERIALS AND METHODS
Cell culture. The human monocytic cell line THP-1 (American Type Culture Collection, Manassas, Va.) was maintained in RPMI 1640 media supplemented with 2 mM L-glutamine-100 U of penicillin per ml-100 g of streptomycin per ml-25 mM HEPES (C-RPMI) and 5% fetal bovine serum (all from Gibco BRL, Gaithersburg, Md.). For the induction of cell differentiation, cells (5 ϫ 10 5 to 10 6 per ml) were seeded in macrophage serum-free medium (macrophage-SFM; Gibco BRL) with 2 to 200 nM PMA for 24 h (29). After incubation, nonattached cells were removed by aspiration, and the adherent cells were washed with C-RPMI three times. THP-1 cells in macrophage SFM with no PMA were used as control (undifferentiated) cells. For cell stimulation, the cells were further incubated with or without LPS for the indicated periods (23) in fresh C-RPMI with 2% heat-inactivated human AB serum (Sigma, St. Louis, Mo.), while undifferentiated cells were used as controls. The LPS was extracted from Porphyromonas gingivalis A7436 by a hot-phenolwater method and further purified by cesium chloride isopyknic density gradient centrifugation as described previously (24) .
Detection of secreted TNF-␣. Human TNF-␣ was quantified by an enzymelinked immunosorbent assay (ELISA) as previously described (24) . Briefly, 96-well ELISA plates (Maxisorp; Nunc, Naperville, Ill.) were coated with an anti-TNF-␣ monoclonal antibody (R&D Systems, Minneapolis, Minn.) in a coating buffer (carbonate-bicarbonate buffer, pH 9.6), followed by overnight incubation at 4°C. The wells were blocked overnight (4°C) with 2% bovine serum albumin in coating buffer; samples were then added and incubated overnight (4°C). Goat anti-TNF-␣ polyclonal antibody (R&D Systems) was added, followed by donkey anti-goat horseradish peroxidase conjugate (Sigma). o-Phenylenediamine was used as the substrate. The reaction was stopped by the addition of 4 N sulfuric acid, and optical density was read in a Vmax microplate reader (Molecular Devices, Palo Alto, Calif.) at 490 to 600 nm.
Semiquantification of TNF-␣ mRNA accumulation. Total cellular RNA was recovered from the cells by a single-step method (7) , and the TNF-␣ mRNA was assessed by semiquantitative reverse transcription (RT)-PCR as previously described (23, 27) , with 6.6 nM [␣-
32 P]dCTP (3,000 Ci/mmol; NEN). Successful isolation of RNA was monitored by detection of ␤-actin mRNA by RT-PCR performed in parallel. One-tenth of the PCR product was analyzed on 3% NuSieve GTG (FMC BioProducts, Rockland, Maine)-1% agarose (Gibco BRL) gel and stained with 0.5 g of ethidium bromide per ml. After photographs were taken, the signal bands were cut from the gel and the radioactivity was determined by liquid scintillation spectroscopy. Counts per minute were converted to molecules of mRNA by using a standard curve with double-stranded cDNA (data not shown). In all experiments, the presence of possible contaminants and background radioactivity in the gel were evaluated by control reactions in which RT and amplification were carried out on RNA-free samples.
Identification of newly transcribed TNF-␣ RNA. The transcription rate was determined by a nuclear run-on transcription assay (13) . Cells were lysed in 1 ml of cell lysis buffer (10 mM Tris-HCl, [pH 7.5], 150 mM NaCl, 1.5 mM MgCl 2 , 0.65% Nonidet P-40) by repeated pipetting. Cell lysates were transferred into microcentrifuge tubes, vortexed vigorously for 10 s, and incubated on ice for 5 min. Nuclei were pelleted by centrifugation (5 min at 800 ϫ g, 4°C). The nuclei were then resuspended in 100 l of buffer (50 mM Tris-HCl [pH 8.5], 5 mM MgCl 2 , 0.1 mM EDTA, 40% glycerol) and stored at Ϫ70°C until assayed. The in vitro transcription assay was performed in 200 l of transcription buffer (5 mM Tris-HCl [pH 8.0], 2.5 mM MgCl 2 , 150 mM KCl, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, and 2.5 mM dithiothreitol) with 50 Ci of [␣-32 P]UTP (3,000 Ci/ mmol; NEN) at 30°C for 30 min. RNA in the reaction mixture was isolated by the single-step method (7), washed twice with 75% ethanol, and dissolved in 100 l of H 2 O. DNA slot blot membranes (Hybond-Nϩ; Amersham, Arlington Heights, Ill.) containing 5 g of plasmid DNA with human ␤-actin cDNA (661 bp) in a vector, 5 g of plasmid DNA with human TNF-␣ cDNA (374 bp) in a vector, and 5 g of plasmid vector pGEM7Z (3,000 bp; Promega, Madison, Wis.) as a control were hybridized with equal numbers of ethanol-precipitable counts (5 ϫ 10 5 cpm) of 32 P-labeled RNA for 16 h at 65°C in a hybridization buffer (8) . The membranes were washed finally with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.5% sodium dodecyl sulfate at 65°C for 10 min, and the signals were visualized by autoradiography at Ϫ70°C for a week in the presence of an intensifying screen.
Detection of NF-B in the nucleus and the cytoplasm. Nuclear and cytoplasmic fractions from THP-1 cells were extracted after cells were washed with cold phosphate-buffered saline (2.7 mM KCl, 1.2 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 , 138 mM NaCl; pH 7.4) (1, 14) . Cytoplasmic extraction was obtained in 400 l of hypotonic buffer (10 mM HEPES [pH 7.9 at 4°C], 1. extracts were stored at Ϫ70°C until assayed. Protein concentrations in the extracts were determined with a protein assay kit (Bio-Rad, Richmond, Calif.). An electrophoretic mobility shift assay (EMSA) was performed to detect DNAbindable NF-B (6). NF-B consensus double-stranded oligonucleotides (Promega) were end labeled with [␥-32 P]ATP (NEN Research Products). Nuclear or cytoplasmic extracts (2 g) were incubated with a labeled oligonucleotide probe (35 fmol) in binding buffer (4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM dithiothreitol, 50 mM NaCl, 10 mM Tris-HCl [pH 7.5], 50 ng of poly[dI-dC]) at room temperature for 20 min and then separated by electrophoresis with highionic-strength 4% polyacrylamide gel (acrylamide/bisacrylamide at a ratio of 80:1, 50 mM Tris-HCl, 380 mM glycine, 2 mM EDTA, 2.5% glycerol) at 100 V. After the gel was dried, autoradiography was performed with an intensifying screen at Ϫ70°C. Identification of the DNA-bindable NF-B was carried out by supershift EMSA (4), with antibodies against the different NF-B subunits. Protein samples (2 g) were mixed with 2 l of each antiserum for 15 min at room temperature before the EMSA procedure was performed as described above. The antibodies were a generous gift from W. C. Greene, Duke University Medical Center, Durham, N.C.
RESULTS
PMA-induced differentiation of THP-1 cells. THP-1 cells are premonocytes, committed to the monocytic cell lineage. They grow in suspension and do not adhere to the plastic surfaces of the culture plates (Fig. 1A) . For the induction of terminal differentiation to macrophage-like cells, THP-1 cells were cultured in the presence of 2, 20, and 200 nM PMA for 4 days. After 20 h of culture with 200 nM PMA, the cells adhered to the dish bottom and had the morphological characteristics of macrophages (Fig. 1B) . Flow cytometry analysis revealed that these cells expressed high levels of CD14, a macrophage-specific differentiation antigen, compared to untreated THP-1 cells. PMA (20 nM) also induced adherence and spreading of the cells after 3 to 4 days of culture. However, a dose of 2 nM PMA was ineffective for the induction of maturation. Based on these results, further experiments using 200 nM PMA for 24 h cell differentiation were conducted. TNF-␣ secretion and mRNA expression in differentiated and undifferentiated THP-1 cells. Unstimulated differentiated or undifferentiated THP-1 cells did not secrete any TNF-␣ into the culture media during the 12-h incubation period ( Fig. 2A) . Stimulation with LPS (100 ng/ml) of undifferentiated cells induced detectable levels of TNF-␣ in the media within 2 h (Fig.  2B ). These levels remained stable for 8 h and then started to decline. Exposure of the differentiated THP-1 cells to the same LPS concentration stimulated the secretion of TNF-␣ within 1 h. TNF-␣ levels peaked within 4 h and then declined. The peak levels of TNF-␣ in LPS-stimulated differentiated cells were more than 2.5-fold higher than levels secreted by LPSstimulated undifferentiated cells. Both differentiated and undifferentiated THP-1 cells responded to LPS doses above 10 ng/ml in a dose-dependent manner ( Fig. 2A) .
Nuclear run-on analysis revealed that PMA-differentiated THP-1 cells did not express any new TNF-␣ mRNA prior to LPS stimulation. Active TNF-␣ gene transcription started within 30 min of LPS challenge, peaked at 1 h, and decreased at 2 h (Fig. 3A and B) . In parallel, RT-PCR analysis showed that TNF-␣ mRNA accumulation also began within 30 min and peaked 1 to 2 h after stimulation (Fig. 3C) . The magnitude of the response in the undifferentiated cells was threefold lower than that in the differentiated cells.
Expression of DNA-bindable NF-B in differentiated and undifferentiated macrophages. NF-B was detected in the cytoplasm and nucleus by EMSA with consensus NF-B-bindable DNA motifs as probes. NF-B was not detected in the cytoplasm of undifferentiated THP-1 cells. In contrast, NF-B was found to accumulate in cytoplasm of the differentiated cells (Fig. 4A) . A drastic decrease in cytoplasmic NF-B was observed after LPS challenge, and approximately 70% of the cytoplasmic NF-B had disappeared from the cytoplasm 2 h after LPS challenge (Fig. 4A) . In the nucleus, NF-B was not detected prior to LPS stimulation. In both undifferentiated and differentiated cells (Fig. 4B ) LPS stimulation resulted in detectable levels of NF-B in the nucleus. In the differentiated cells NF-B was detectable 0.5 h after LPS stimulation and reached a plateau after 1 h. In the undifferentiated cells NF-B was only detected in the nucleus 1 h post-LPS stimulation and levels continued to accumulate until the end of the experiment (Fig. 4B) . However, the NF-B levels were always lower than the levels achieved in the differentiated THP-1 cell nuclei.
Characterization of the DNA-bindable cytoplasmic NF-Blike protein. To identify the DNA-bindable NF-B-like proteins in cytoplasm, antisera specific to the NF-B-related proteins (c-Rel, p65, and p50) were used to induce supershifts in the EMSA gels by binding to the NF-B consensus oligonucleotide probe and the target protein (Fig. 5) . Anti-p65 serum eliminated part of the LPS-induced band complex and caused this band to migrate slower on the gel. Anti-p50 serum reduced the intensity of the LPS-induced band complex and caused a broad supershifted band. Anti-c-Rel serum had only a slight effect and did not reduce the LPS-induced band complex (Fig.  5) . The anti-p50 serum recognized the p50 subunit in both the upper and lower parts of the bands, indicating the presence of the heterodimer p50-p65 and the homodimer p50-p50 in the identified complexes. The same supershift pattern was observed when nuclear extracts were used (data not shown).
DISCUSSION
The present study investigated the expression of NF-B in monocyte-like cells, before and after the induction of differentiation into macrophages in vitro. The results demonstrate that in parallel to multiple changes in cell morphology and function during the differentiation process, there is an accumulation of functional proteins from the NF-B family in the cytoplasm of the cell, as indicated by their ability to bind consensus DNA sequences related to NF-B binding sites in the mammalian genome. However, due to their location in the cytoplasmic compartment of the cell, far from the cellular DNA, they are unable to induce cellular events. Stimulation by LPS induced the translocation of the NF-B proteins from the cytoplasm into the nucleus, where they can bind DNA and activate transcription of the target genes (hypothesis summarized in Fig. 6 ). These findings suggest that the maturation process primes the cell, by the induction of NF-B in the cytoplasm, for a rapid and enhanced response to an additional stimulus, such as LPS.
NF-B is thought to be one of the more important nuclear factors in mammalian cells. Several stimulants such as LPS, superantigen, phorbol esters, and cytokines are known to induce the appearance of NF-B in the cytoplasm and its translocation into the nucleus (12) . In addition, many genes, including genes encoding cytokines, are known to include NF-B binding sites in their promoter regions (3, 22) , and one of these genes is the TNF-␣ gene (26) . Earlier studies had suggested that NF-B may not be necessary for LPS-induced TNF-␣ gene transcription (11) , but more recent studies showed clearly that NF-B plays an important role in the activation of the TNF-␣ gene by LPS in human monocytes and macrophages (5, 28) . Our results have demonstrated that although THP-1 cells respond to LPS by the secretion of TNF-␣, the induction of differentiation enhanced TNF-␣ transcription and secretion. The enhanced production of TNF-␣ correlated with the accumulation of NF-B in the cytoplasm prior to the stimulus and with its rapid translocation into the nucleus after stimulation. These results, together with the fact that NF-B is an important regulator of TNF-␣ production, suggest indirectly that there is a connection between these two events. NF-B in the cytoplasm of differentiated THP-1 cells translocated to the nucleus within 30 min after LPS stimulation, and this translocation precedes the peak in the transcription rate of TNF-␣. Furthermore, the levels of NF-B translocated to the nucleus in differentiated THP-1 cells were higher than those in undifferentiated cells. It is important to note that differentiated THP-1 cells showed low levels of TNF-␣ gene transcription without LPS stimulation (data not shown) but that no NF-B was detected in the nuclei of these cells without LPS stimulation. In addition, no TNF-␣ secretion was detected without LPS stimulation. It is possible that an additional factor(s) other than NF-B is involved in the activation of transcription of the TNF-␣ gene and that NF-B is needed also for induction of cofactors involved in TNF-␣ secretion (27) . This assumption is supported by experiments showing that LPS-induced TNF-␣ transcription in CD14 "knockout" macrophages occurred without detectable NF-B binding (20) . While NF-B is involved in the major LPS-induced pathway, which starts from the CD14 receptor, NF-B might not be essential for an alternative CD14-independent pathway. However, LPS activation of a CD14-independent pathway requires much higher doses than those used in the present study (20, 23) . The data suggest that the priming of the cells by the induction of cytoplasmic NF-B might be limited to the major LPS-induced signaling pathway, which is CD14 dependent.
The cytoplasmic NF-B-like proteins which bind oligonucleotide probes specific for NF-B were identified by antibodies against the p65 and p50 subunits of NF-B. Anti-p50 caused the signal to shift almost completely, while anti-p65 antiserum caused only partial shift. Anti-c-Rel caused minimal shift of the protein-DNA complex. These results suggest that proteins from the NF-B family in THP-1 cells expressed following exposure to phorbol ester exist as p50-p50 homodimers, p50-p65 heterodimers, or heterodimers of p50 with an unidentified protein. The ability of cytoplasmic NF-B to bind specific DNA probes indicates that IB may dissociate from NF-B in the cytoplasm during the differentiation process. However, the dissociated NF-B remains in the cytoplasm of the differentiated macrophages and may need some other factor(s) to assist its translocation into the nucleus upon LPS stimulation.
In conclusion, the present study has demonstrated that the maturation of monocytes to macrophages enhanced their responsiveness to LPS. This hyperresponsiveness coincides with the accumulation of NF-B in the cytoplasm, which rapidly translocated into the nucleus for the induction of TNF-␣ gene transcription upon stimulation with LPS. These findings support the hypothesis that NF-B plays an important role in the differentiation of monocytes into macrophages, preparing them to respond rapidly to infection. FIG. 6 . Schematic representation of the interrelationship between monocyte differentiation, NF-B accumulation and translocation, and TNF-␣ secretion. When exposed to the phorbol ester PMA, THP-1 monocytes differentiate to mature macrophages. During the differentiation process, NF-B accumulates in the cytoplasm. LPS stimulation induces the translocation of NF-B into the nucleus, followed by the secretion of TNF-␣. In the undifferentiated THP-1 cells, there are only low levels of NF-B in the cytoplasm, which causes the cells to respond to LPS stimulation in a much slower way and by the secretion of lower levels of TNF-␣, compared to the differentiated cells.
